Glioblastomas (GBs) are malignant CNS tumors often associated with devastating symptoms. Patients with GB have a very poor prognosis, and despite treatment, most of them die within 12 months from diagnosis. Several pathways, such as the RAS, tumor protein 53 (TP53), and phosphoinositide kinase 3 (PIK3) pathways, as well as the cell cycle control pathway, have been identified to be disrupted in this tumor. However, emerging data suggest that these aberrations represent only a fraction of the genetic changes involved in gliomagenesis. In this study, we have applied a 32K clone-based genomic array, covering 99% of the current assembly of the human genome, to the detailed genetic profiling of a set of 78 GBs. Complex patterns of aberrations, including high and narrow copy number amplicons, as well as a number of homozygously deleted loci, were identified. Amplicons that varied both in number (three on average) and in size (1.4 Mb on average) were frequently detected (81% of the samples). The loci encompassed not only previously reported oncogenes (EGFR, PDGFR A, MDM2, and CDK4) but also numerous novel oncogenes as GRB10, MKLN1, PPARGC1A, HGF, NAV3, CNTN1, SYT1, and ADAMTSL3. BNC2, PTPLAD2, and PTPRE, on the other hand, represent novel candidate tumor suppressor genes encompassed within homozygously deleted loci. Many of these genes are already linked to several forms of cancer; others represent new candidate genes that may serve as prognostic markers or even as therapeutic targets in the future. The large individual variation observed between the samples demonstrates the underlying complexity of the disease and strengthens the demand for
D
iffuse astrocytomas are CNS tumors that are thought to be derived from glial precursor or stem cells. 1 They are classified and graded according to WHO as diffuse astrocytomas (WHO grade II), anaplastic astrocytomas (WHO grade III), and glioblastomas (GB; WHO grade IV), depending on the prognosis in context of the histological appearance. 2 The majority of GBs develop in a short time without clinical evidence of an earlier lower-grade lesion. These GBs are named "de novo" or primary GB (pGB). Most patients with a lower-grade diffuse astrocytoma demonstrate malignant progression to GB. These tumors are termed secondary GBs (sGB). Besides surgical resection, patients with GB are currently treated by adjuvant radiation and chemotherapy. However, the prognosis for GB is poor. Patients without surgical resection have a median survival of only 2.5 months from time of diagnosis. Those that undergo surgical resection demonstrate a median survival of 7.9 months. 3 The addition of temozolomide to adjuvant radiotherapy after surgery results in a median survival of 14.6 months. 4 Different pathways have already been identified that are disrupted by various structural genetic alterations in GB. The RAS pathway is frequently activated by amplification of growth factor receptor genes such as EGFR (7p11) or PDGFRA (4q12). The tumor protein 53 (TP53) pathway is often disrupted by TP53 mutations (17p13), amplification of MDM2 (12q15), or losses of CDKN2A (9p21). The phosphoinositide kinase 3 (PIK3) pathway is activated by aberrant growth factor signaling and loss of PTEN (10q23) or, more rarely, by PIK3CA mutations (3q26). Disruption of cell cycle control is frequently mediated by loss of CDKN2A (9p21), amplification of CDK4 (12q14), or RB1 alterations (13q14). However, frequently multiple chromosomal alterations are observed (loss of 10p, 10q, 1p, and 22q as well as loss or duplication of 19q) that cannot be linked to a single gene or even a pathway in GB. The frequency of genetic alterations often differs between pGB and sGB and between younger and older patients. Some genetic alterations frequently occur in combination with each other (EGFR amplification and CDKN2A loss) or can be nearly exclusively found in combination (EGFR amplification or TP53 mutations).
Because of frustrating efforts to optimize therapeutic regimens for patients with GB, the concept of individualized therapy based on the specific genetic profile of the tumor appears promising. For example, screening for MGMT promoter hypermethylation facilitates the identification of patients that benefit from temozolomide therapy, 5 and coexpression of epidermal growth factor receptor VIII (EGFRvIII) with phosphatase and tensin homolog (PTEN) is associated with response to EGFR kinase inhibitors. 6 However, the genetic heterogeneity of GB mostly prohibits the use of single predictive markers. The design of studies that evaluate such a therapeutic concept not only requires more knowledge about gross chromosomal alterations in GB but also demands a detailed map of gains and losses together with an evaluation of combined alterations.
To generate such a complex map, we comprehensively analyzed a series of 78 GBs by array-based comparative genomic hybridization (aCGH). The technique is based on the assessment of fluorescence ratios between differentially labeled test and reference DNA, competitively hybridized to a microarray of genomic clones spotted onto a glass slide. [7] [8] [9] Quantitative evaluation of fluorescence intensities allows the identification of altered ratios that are indicative of DNA copy number imbalances in a test versus a reference genome. In this study, we have applied an array composed of 32,396 bacterial artificial chromosomes (BACs) covering 99% of the current assembly of the human genome. 10 The high resolution of the platform (average resolution of analysis of 60 kb) allowed us to identify candidate oncogenes and tumor suppressor genes that may serve as prognostic or predictive markers or even as therapeutic targets for more clinically orientated studies in the future.
Materials and Methods

Patient Samples
A total of 78 WHO grade IV GB samples, derived from 50 males and 28 females, was included in the study (average age of onset, 54 and 57 years, respectively). The biopsies were sampled during operations and stored between -80°C and -135°C prior to DNA isolation. Matched peripheral blood samples were also collected for 46 of the cases. Sixty-seven of the samples were obtained from patients treated at the Charité Hospital Berlin and the University of Bonn Medical Center in Germany, seven at the Uppsala University Hospital in Sweden, and four at the Provincial Specialist Hospital in Gdansk, Poland. Tumors were classified and graded by experienced neuropathologists according to the third revised WHO criteria, 2 and all cases were further reviewed by a second neuropathologist (A.D., C.H., or T.O.). Peripheral blood-derived DNA obtained from a healthy Caucasian female (F1) was used as the reference control in all hybridization experiments. 10 High-molecularweight DNA was isolated from the tumor and peripheral blood using standard methods. 11 The use of DNA from human subjects was approved by the local research ethics committees of the University of Bonn Medical Center, the Charite Humboldt University (Berlin), and the Faculty of Medicine of Uppsala University.
aCGH 32K array
The 32K array was established as described previously. 10 In short, the 32K BAC library, 12 purchased from tools for filtering and statistical analysis of microarray data within the LCB Data WareHouse (LCB-DWH). 15 We applied several filters to the hybridization raw data files. These include removal of oversaturated spots (.5%), spots with low signal-to-noise ratio (,3) in channels, and spots either manually or automatically flagged as bad, absent, or not found in the image analysis program. To remove possible dye bias or spatial effects, we also normalized all data using print-tip locally weighted scatter-plot smoothing. 16 Clones were classified as balanced, gained, or deleted using the opensource software SMAP, 17 available from Bioconductor (www.bioconductor.org) and LCB-DWH. 15 For a specified number of states (six), SMAP iteratively fits a hidden Markov model genomewide to the data and infers the most probable profile of copy numbers for each chromosome using a segmental a posteriori approach until no further improvements can be made. Each individual clone was then assigned a preliminary copy number class (CNC): balanced, CNC 5 0; gain, CNC 5 1, 2, or 3; and deletion, CNC 5 -1 or -2. A graphical viewing tool that plots all clones according to their chromosomal positions was used for the visualization of results. Complete hierarchical clustering was used to identify clusters of copy number profiles. Distances between profiles/ clusters were calculated using the Euclidean distance at a genomewide level. Five groups of CNCs were considered: homozygous deletion (CNC 5 -2), heterozygous deletion (CNC 5 -1), normal (CNC 5 0), single copy gain (CNC 5 1), and two or more copies gained (CNC > 2). Clone mapping information was obtained from Ensembl BioMart generic data management system (www.ensembl.org/biomart).
CNC data were used for statistical analysis using Fisher's exact test within LCB-DWH. The test was used to find statistically significant overrepresentation of changes in tumor tissue compared to blood. p-Values were adjusted using the Benjamini and Hochberg step-up false discovery rate-controlling procedure. 18 Spatial correlation between clones in the set of samples was calculated using Spearman's correlation coefficient. Correlation matrices for the spatial correlation were calculated using R (http://www.r-project.org). 19 A Gene Ontology (GO) tool within LCB-DWH was used to test for statistically significant overrepresentation of GO terms of genes resident within aberrant clones with respect to all genes encompassed on the array. 15, 20 We used publicly available gene expression data from grade IV gliomas, series GSE4412, and from normal brain, series GSE1133, platform GPL96: Affymetrix GeneChip Human Genome U133 Array Set HG-U133A (Affymetrix, Santa Clara, CA, USA) to select differentially expressed genes within minimal overlapping regions of aberrations.
Copy Number Alterations Determined by Quantitative Real-Time PCR
Relative gene copy numbers were determined by quantitative real-time PCR (qPCR) using the Stratagene MX 3005P qPCR system (AH Diagnostics, Århus, Denmark) BACPAC Resources at Children's Hospital Oakland Research Institute (Oakland, CA, USA; http://bacpac .chori.org/pHumanMinSet.htm), was amplified using three different degenerate-oligonucleotide-primed PCR primers, designed for the amplification of large insert clones. 13 The products from these three amplifications were combined and reamplified with universal primer labeled with an amino group, which allows the attachment of the DNA to a Codelink HD microarray slide (GE HealthCare, Piscataway, NJ, USA). Manufacturing of the 32K BAC arrays was done with a high-throughput microarray printer constructed by the Lawrence Berkeley National Laboratory (Berkeley, CA, USA). After printing, the slides were activated in a humidity chamber overnight, blocked using a sodium borohydrate solution (2.6 g/l) for 5 min, and denatured in boiling water. Validation experiments of the 32K array have been previously reported. 10 As an independent verification, the 32K BAC array was supplemented with a different set of clones, used previously in the construction of a chromosome 22-specific array.
14 The 32K slides therefore contained two distinct arrays for chromosome 22, named 22 (32K set) and 22_B.
14
Labeling and Hybridization
DNA labeling, hybridization, washing, and scanning of arrays were performed as previously described with minor modifications.
14 Briefly, 1 μg of test and reference DNA was random prime labeled (BioPrime Array CGH Genomic Labeling Kit; Invitrogen, Carlsbad, CA, USA) with Cy3-dCTP (PA53021, GE HealthCare) and Cy5-dCTP (PA55021, GE HealthCare). Purified DNA probes were combined with 150 mg human Cot-1 DNA (Invitrogen), vacuum evaporated, and resuspended in 50 ml of hybridization solution (50% formamide, 5% sodium dodecyl sulfate [SDS] , 10% dextran sulfate [molecular weight 500 kDa], 23 saline-sodium citrate [SSC] ). The probe mixture was denatured for 5 min at 95°C, followed by incubation at 45°C for 2 h. Subsequently, the probe mixture was applied to the slide surface, covered with a 22 3 60 mm LifterSlip (Erie Scientific, Portsmouth, NH, USA), and hybridized at 45°C for 20 h in a slide chamber (Corning Inc., Corning, NY, USA). Slides were washed in 25% formamide, 23 SSC, 0.1% SDS at 45°C for 17 min, followed by 10 min in phosphate-buffered saline at room temperature. The array was finally immersed in distilled H 2 O and immediately blown dry using pressurized dust-free air.
Array Imaging, Data Analysis, Clustering, and Statistics
Image acquisition was performed using a GenePix 4000B scanner (Axon Instruments Inc., Union City, CA, USA), and hybridization intensity was analyzed using GenePixPro image analysis software (version 6; Axon Instruments). The raw data files were then uploaded to a laboratory information management system database for storage, hosted by the Linnaeus Centre for Bioinformatics (LCB; http://base.lcb.uu.se). LCB also provides and SYBR Green JumpStart Taq ReadyMix for High Throughput QPCR (Sigma, St. Louis, MO, USA). The standard curve method described for the ABI PRISM 7700 Sequence Detection System (Applied Biosystems Inc., Foster City, CA, USA; ABI User Bulletin #2, docs .appliedbiosystems.com/pebiodocs/04303859.pdf) was used and the standard curve was generated from human genomic DNA (Applied Biosystems, P/A 4312660). Genomic DNA from 23 tumor samples was analyzed, and we chose the DNAH7 (2q32.3) gene as a reference for all experiments as no copy number changes were observed at this locus in the 32K array analysis. The gene copy number in the tumor DNA was normalized to the reference gene (DNAH7) and calibrated to normal DNA (F1). A subset of candidate genes encompassed within amplicons as well as homozygous deletions were selected for qPCR verification. PCR conditions and primers for all genes are available in Supplementary Table 1 (online only with this article at neuro-oncology.dukejournals .org). PCR reactions were performed in triplicate for each primer pair, and the data were analyzed using the Stratagene MxPro QPCR software (AH Diagnostics).
Results
32K Array Profiling of Copy Number Alterations in GB
The clinical details of the patients included in this study are summarized in Supplementary Table 2 (online only with this article at neuro-oncology.duke journals.org). To visualize the results, the frequency of copy number changes was calculated for all samples and plotted relative to the position along the chromosome for each clone (Fig. 1) . The most common copy number variation involving a whole chromosome was monosomy 10, followed by trisomy 7. The combination of trisomy 7 and monosomy 10 (detected in 83% of the cases) was also the most frequent arrangement of aberrations found in the tumor series. Monosomy 22, trisomy 20, and trisomy 19 were also relatively frequent (33%, 30%, and 25%, respectively). Furthermore, trisomy 20 and trisomy 19 often, but not exclusively, appeared simultaneously ( Supplementary Fig. 1 [online only with this article at neuro-oncology.dukejournals.org]). Numerous copy number alterations involving whole p and/or q arms and interstitial and/or terminal gains/deletions were also Fig. 1 . Frequency of copy number changes in glioblastoma and blood samples calculated for all autosomal clones and plotted relative to the position along the chromosome for each clone, for the 78 tumor samples (B) and for 117 hybridizations run on peripheral blood DNA (D), including 71 samples from healthy subjects 10 and 46 blood samples derived from the glioblastoma (GB) patients included in this study. Red bars above the horizontal line indicate the incidence in percent copy number gains (CNC 5 1, 2, 3), and yellow bars represent higher copy number gains (CNC 5 2, 3). Green bars below the horizontal line indicate the frequency of copy number losses (CNC 5 -1, -2), and blue bars indicate the incidence of homozygous deletions (CNC 5 -2). The 32K array was supplemented with 22_B, a different set of clones representing 22q used in our previously reported chromosome 22-specific array, 14 indicated on the figure as 22b. The chromosome 22_B clone set was printed on the same slide as the 32K clones, and both sets identified the same frequency of copy number aberrations. To identify tumor-specific aberrations, the array-based comparative genomic hybridization results from the series of 78 GB tumor samples were compared to the data obtained from 117 hybridizations run on peripheral blood DNA. Fisher's exact test was used to evaluate statistically significant differences between gained and nongained clones as well as between deleted and nondeleted clones in tumor versus blood groups. (A and C) The 3,000 top ranked gained (red) and deleted (green) clones, including clones representing chromosomes 7, 19, 20, and 21 for gains and chromosomes 10, 9, 22, 13, and 1 for deletions.
detected. The most common was the entire or interstitial loss of 9p, identified in 55% of the cases, followed by interstitial deletions of 1p (34%; Fig. 1 and Supplementary Fig. 1 ). No single chromosome was free from aberrations in the analyzed series. We counted the fraction of the genome involved in DNA copy number alterations for each tumor and found that, on average, 18% of the genome was aberrant in this malignant tumor (Table  1) . We also analyzed 46 peripheral blood DNA samples from the patients (Supplementary Fig. 1 ). Numerous loci affected by gene copy number variation were identified. When compared to our data obtained from the profiling of a series of healthy individuals using the same platform 10 and compared to publicly available data (Centre for Applied Genomics, Database of Genomic Variants, http://projects.tcag.ca/variation), we observed that all the alterations detected were previously categorized as disease-unrelated genomic copy number variations. As a result, we concluded that these variations represent only large-scale copy number polymorphisms (data not shown).
We used Spearman's correlation coefficient to calculate the correlation between clones in the series of tumors. A correlation plot was then produced with respect to chromosomal location (Supplementary Fig. 2 [online only with this article at neuro-oncology.dukejournals .org]). We observed a general trend of positive correlation between bins located on the same chromosome/ chromosome arm, caused by the presence of long-range gains or deletions (or no alterations). In particular, these wide-range aberrations were found on chromosomes 10, 13, and 14. A remarkable negative correlation was found between chromosomes 7 and 10; this combination of aberrations (trisomy 7 and monosomy 10) is also in agreement with the results obtained from the recurrence analysis (Fig. 1 ). We also ran Fisher's exact test to determine frequent and tumor-specific aberrant loci in the GB series. The aCGH results from the 78 tumor samples were compared to data from 117 hybridizations run on peripheral blood DNA, 71 samples from healthy subjects, 10 and 46 blood samples from the GB patients included in this study. Clones affected by gains (CNC . 0) or deletions (CNC , 0) were compared in tumor versus blood groups. As much as 35% of the genome, including loci in all chromosomes, appeared significantly affected by gains/deletions (p , 0.001) in the tumor series. The 3,000 top-ranked deleted and gained clones are indicated in Fig. 1 and include clones representing chromosomes 7, 19, 20, and 21 for gains and chromosomes 10, 9, 22, 13, and 1 for deletions. To explore the biological function of these aberrations, we checked for overrepresentation of GO terms within the genes encompassed by these clones. Overrepresented GO biological process terms, found among the genes contained within the 3,000 top-ranked gained clones (.1,000 genes), were related to DNA-dependent regulation of transcription and regulation of cellular and metabolic processes (Supplementary Table 3 [online only with this article at neuro-oncology.dukejournals.org]). The EGFR gene was represented in many of the GO terms. These results are consistent with the current tumor biology model for GB.
Within the GO biological process terms represented by genes encompassed within the 3,000 top-ranked deleted clones (.500 genes), processes related to response to virus, cell cycle, and apoptotic programs were found (Supplementary Table 3) .
Among the GB samples, 74 were of primary origin, and four were classified as the secondary type (Supplementary Table 2 ). Representative profiles for a pGB (G20890) and an sGB (G21694) are illustrated in Supplementary Fig. 3 (online only with this article at neurooncology.dukejournals.org). Even if only a few samples of the secondary type were studied, clear differences between the groups could be observed. sGB samples presented with a more complex pattern of rearrangements, including whole and partial deletions or gains of multiple chromosomes, including 10 and 7, but complete deletion of chromosome 10 was not detected in sGB (Supplementary Fig. 1 ). One pGB was derived from a child (G1143). This tumor presented with trisomy 7 and 2, monosomy 6, and a terminal hemizygous deletion of 17p, encompassing the TP53 gene. Monosomy 10 and partial 9p deletion, which were frequently observed in GBs derived from adults, were not present in this sample.
We also defined the smallest, tumor-specific overlapping regions of imbalance for each chromosome in the series. A total of 185 regions were identified, involving gain or loss of material, present in at least 3 of the 78 samples. The regions were distributed throughout the genome. Using publically available expression data, we determined the top 10 genes significantly up-or downregulated within these loci. Many genes known to be involved in glioma pathways as well as novel genes with links to other cancer forms mapped to these loci (Supplementary Table 4 [online only with this article at neuro-oncology.dukejournals.org]). In order to find out in which pathways from the Kyoto Encyclopedia of Genes and Genomes (KEGG; www.genome.ad.jp/kegg/ pathway.html) these genes could be connected, the list of genes was submitted to the Database for Annotation, Visualization, and Integrated Discovery (DAVID) Functional Annotation Tool (http://david.abcc.ncifcrf .gov). 21 The most significantly represented pathway was hsa05214:glioma, with 12 genes recognized in this category (Supplementary Table 5 [online only with this article at neuro-oncology.dukejournals.org]). It is interesting that genes from the list were involved in gap junction, focal adhesion, and tight junction pathways, networks that regulate actin cytoskeleton, cell motility, proliferation, and survival and are known to be usually deregulated in GB.
Narrow Amplicons Pinpoint Novel Candidate Oncogenes in GB
The most striking result from our study is the frequent identification of high and narrow copy number amplicons within the series of GB tumors. Regions involving at least two neighboring clones with CNC > 3 and normalized fluorescence ratio > 2, which represent loci with at least five DNA copies in a diploid tumor, are shown in Table 2 . These loci include many previously Tables 1, 2) . EGFR amplification, detected in 39 samples (48.75%) was the most frequent amplification event identified. Moreover, this was the only amplicon present in 22 of the cases (27.5%). Interestingly, in 19 cases (24%) the normalized ratio for clone CTD-2026N22, within EGFR amplicon, was higher than 10, which is consistent with at least 20 DNA copies of this locus. Distinctly amplified regions, in addition to the EGFR locus, were also detected on 7p. These amplicons encompassed a number of novel genes (NPVF, ZNRF2, CRHR2, LSM5, TBX20, HERPUD2, and GRB10), which probably become coamplified with EGFR and contribute to the tumorigenesis process. Chromosome 12 was also of particular interest, as many distinctly amplified regions were detected on this autosome. In total, 19 (24%) of the samples presented with high copy number gains on 12q11-21 (Supplementary Fig. 6 and Supplementary Table 7 [online only with this article at neuro-oncology.dukejournals .org]). Amplification of CDK4 locus, identified in 16 cases, was the second most frequent amplification event detected in GB samples. However, amplification of this locus was never identified as a solitary amplicon. In seven cases, simultaneous amplification of CDK4 and MDM2 loci was determined, and in an additional five samples, the CDK4 locus was coamplified with PDG-FRA locus. In two cases, simultaneous amplification of CDK4 and EGFR loci was determined. Furthermore, CDK4 amplicon in the absence of EGFR, PDGFRA, or MDM2 loci amplification was detected in four cases. The total number of bases included within deleted or gained regions, as well as the number and average size of amplicons and homozygous deletions are shown for each sample. G29994, G23218, G22616, G21804, G24702, G22334, G22520, G20854, G20990, G22368, G23120, G24528, G24596, G153, G24460, G21628, G21836, G22686, G23316, G23906, G24178, G27040, G29178, G48, G1596, G1963, G251, G8, G27006, G30276 (Tables 1, 2 ). In one of the pGB tumors, amplification of PDGFRA locus was detected simultaneously with EGFR amplification. The MDM2 locus was coamplified with CDK4 and/or PDGFRA loci, but not in combination with EGFR locus amplification or with 17p13 deletion. Exclusive amplification of MDM2 locus was not found. The presence of a unique amplicon per sample, different from EGFR or PDGFRA, was detected in two cases (samples G30296 and G21800). These loci deserve special attention as they represent interesting candidate areas. The region amplified in sample G30296 overlaps with amplifications present in three additional tumors and defined a minimal candidate region on 13q31.3, containing several genes, among them MIRH1, GP6, DCT, TGDS, GPR180, LOC144874, ABCC4, DZIP1, Several candidate loci were identified in these four cases. In sample G20844, two coamplified loci were detected, one encompassing the MYCL1 gene on 1p34.2, and the other the TERT gene on 5p15.33 (Table 2 ). In samples G20972 and G21828, only one additional amplicon was present in combination with the CDK4 amplicon. One of them mapped to a gene-rich region on 17q21.33 (sample G20972), including several interesting genes, among them TOB1, which acts as transducer of ERBB2. The other amplicon (sample G21828) was located on 12q13.2 and included DGK4, SILV, CDK2, and RAB5B genes ( Table 2 ). The fourth case, G21864, presented a complex chromosome 22 profile, with multiple amplicons in addition to the CDK4 amplicon. PDGFRA and MDM2 loci amplifications were also relatively common incidents, detected in 11 (13.75%) and 9 (11.25%) cases, respectively. PDGFRA amplification was found both as G27030, G21694, G22334, G23282, G20890, G21804, G21820, G22118, G27614, G30276, G24460, G23304, G24528, G1963, G25496, G23264, G28882, G29264, G24028 and UGCGL2 (Table 2) . Further aberrations of trisomy 1, 7, 9, and 21 as well as monosomy 10, 13, 14, and 22 were determined in this sample. Noteworthy was also the profile exhibited by sample G21800 ( Supplementary  Fig. 7 [online only with this article at neuro-oncology. dukejournals.org]), in which in addition to trisomy 7 and monosomy 10, a single high copy number amplicon, mapping to 11p15.2 and only 1 Mb in size, was identified. A few genes are located in this region, but SPON1 and RRAS2 represent attractive candidate oncogenes. SPON1 (spondin 1) is an extracellular matrix protein, aberrantly expressed in ovarian carcinoma. RRAS2 is a protooncogene that belongs to the RAB subfamily of small GTPases. A number of amplicons encompassing a single gene were identified in the tumor set, and most of them are novel ( Table 2) . Some of the genes mapping to these regions are PPARGC1A (peroxisome proliferative activated receptor, gamma, coactivator 1 alpha) on 4p15.2, HGF (hepatocyte growth factor) on 7q21.1, PALM2 (paralemmin 2) on 9q31.3, CNTN1 (contactin 1) on 12q12 (encoding a neuronal cell adhesion molecule, involved in initiating a NOTCH/DTX1 signaling pathway that promotes oligodendrocyte maturation and myelination), 22 NAV3 (neuron navigator 3) on 12q21.2 (gene belonging to the neuron navigator family, encoding a protein involved in the process of neuron growth and regeneration, as well as in neural tumorigenesis), 23, 24 SYT1 (synaptotagmin I) on 12q21.2 (an integral membrane protein of synaptic vesicles presenting with two protein kinase C-homologous repeats), MUCL1 (mucinlike 1) on 12q13.2, MYCBP2 (MYC binding protein 2) on 13q22.3, ADAMTSL3 (ADAMTS-like 3 precursor) on 15q25.2, TTC28 (tetratricopeptide repeat domain 28) on 22q12.1, and LARGE (like-glycosyltransferase) on 22q12.3. Furthermore, numerous additional amplicons encompassing more than a single gene were determined. Most often, genes reported to be involved in cancer and control of cell growth/proliferation were located at these loci (Table 2) . To confirm the copy number ratio observed from aCGH experiments, a subset of candidate genes encompassed within these narrow amplicons was analyzed by qPCR. In general, there was good agreement between relative gene copy number values obtained from 32K array and qPCR (Supplementary Table 6 [online only with this article at neuro-oncology .dukejournals.org]).
Complex Amplifier Genotype Target-Specific Chromosomes in GB
The presence of multiple, narrow, and high copy number level amplicons was an original and recurrent finding in the tumor set. We also discovered specific chromosomes displaying a complex aCGH profile. An outstanding case, in which several independent high copy number amplicons were identified on chromosome 7, in addition to EGFR, is represented in Fig. 2A . The maximum ratio observed in this sample was 16.05, which theoretically indicates 32 gene copies of EGFR locus. The coamplified regions in this tumor mapped to gene rich loci; one of them encompassed one single oncogene, HGF (7q21.11). HGF is a multifunctional growth factor, involved in invasive tumor growth, 25 and its overexpression has been associated with poor prognosis of malignant gliomas. 26 Other candidate oncogenes include CDK6 (7q21.2), PODXL (7q32.3), and MKLN1(7q32.3). This type of complex amplifier genotype picture, with numerous high and low copy number amplicons, was not exclusive for chromosome 7. In G22576, a complex rearrangement pattern was identified on chromosome 12 (Fig. 2B) . The maximum ratio observed in this case was approximately 27, which indicates at least 54 gene copies. This locus encompassed, among others, the MDM2 gene. The same sample presented with several additional amplicons encompassing novel genes on chromosome 12, as well as amplification of CDK4 locus ( Table 2) . Finally a third tumor, G21864, presented with a similar and complex amplifier genotype, involving chromosome 22; this profile is in agreement with our previous results derived from the analysis of the sample using a chromosome 22-specific genomic array. 27 The size and boundaries of overlapping amplified regions detected in these tumors, as well as selected genes contained within the loci, are summarized in Table 2 .
Novel Homozygously Deleted Loci in GB
aCGH can distinguish between hemizygous (one copy loss) and homozygous (total loss) deletions; the latter are particularly interesting as they can provide an important resource for identifying candidate tumor suppressor genes. Homozygously deleted loci, defined by the presence of at least two consecutive clones with CNC 5 -2, identified in our tumor series are shown in Table  2 . These regions included several previously reported tumor suppressor genes involved in GB tumorigenesis as well as novel genes. The most frequent homozygously deleted locus, detected in 32 samples (41%), mapped to 9p21.3 ( Supplementary Fig. 8 [online only with this article at neuro-oncology.dukejournals.org]). The size of the homozygous deletion varied considerably among the tumors (0.53-10.99 Mb), yet in all but one of these samples, the biallelic 9p21.3 deletion encompassed the CDKN2A gene. The only sample presenting with a single homozygous deletion on 9p21.3, not including the CDKN2A gene, was an sGB, G28882. The locus was also encompassed within several larger biallelic deletions found on 9p21-p22 in other cases and was homozygously deleted in one other sGB, sample G21694 ( Supplementary Fig. 8) . A unique candidate tumor suppressor gene, ELAVL2, resides within this novel region. ELAVL2 encodes a nervous-system-specific RNAbinding protein, implicated in the control of stabilization, nuclear export, and/or translation of specific mRNAs. We also discovered a few additional homozygous deletions on 9p21-p22. In case G20854, the deleted locus encompassed only one gene, ADAMTSL1. The product of this gene belongs to a family of zinc extracellular metalloproteases, with a thrombospondin type 1 motif. Additional tumors presenting with extra homozygously deleted loci on 9p21-p22 were G23282, G153, and G23906, and possible candidate genes mapping to these regions include MLLT3, KIAA1797, PTPLAD2, and KLHL9 (Table 2, Supplementary Table 8 , Supplementary Fig. 8 ). These cases provide strong indications for the presence of additional tumor suppressor genes (other than CDKN2A) at this location.
Hemizygous deletion of chromosome 10 was the most frequent event detected in the series of GBs, while biallelic deletions within this chromosome were not common. Four samples presented with a minimal homozygous deletion on 10q23.31, which encompassed the PTEN gene. The profile of one of these tumors, sample G21830, is shown in Supplementary Fig. 5 . PTEN is a tumor suppressor, known to be inactivated in GB and in multiple advanced cancers, involved in the PIK3/ AKT pathway and highly implicated in cell death and/or cell cycle arrest. A second tumor suppressor gene locus on chromosome 10 was identified in sample G22520, encompassing the PTPRE and the MGMT genes (Supplementary Fig. 4 ). Homozygous deletion of this region, 10q26, has not been previously reported. PTPRE is a novel protein tyrosine phosphatase (PTP) located in the plasma membrane. Studies in mice show that PTPRE may have a regulatory role in RAS-related signal transduction pathways and inhibits the mitogen-activated protein kinase cascade. 28, 29 MGMT is a methylguanine-DNA methyltransferase involved in repairing alkylated guanine in DNA. Promoter methylation and silencing of the MGMT gene compromise DNA repair in the tumor cell and have been associated with longer survival in patients with GB who receive alkylating agents. 5 Additional novel homozygous deleted regions were identified on chromosomes 1, 3, 6, 9, and X ( Table 2) . Three samples displayed homozygous deletion on 1p36. This region encompassed several candidate genes and has been reported as a preferential target region for deletions in astrocytic tumors. 30 The loci detected on chromosomes 3 and X are novel and contained a few candidate genes. Loci mapped to 9p23 and 6q27 enclosed one gene each (Table 2 ). PTPRD at chr9:8.304-10.603 Mb encodes a tyrosine phosphatase, located at the plasma membrane (sample G22370; Supplementary Fig. 8 ). THBS2 at chr6:169.358-169.396 Mb encodes a polypeptide with a procollagen homology domain and several type I and type III thrombospondin domains. Noteworthy, the telomeric breakpoint of five additional interstitial Table 6 ).
Discussion
Regions of gain and loss of genomic DNA occur in many cancers and induce and promote the disease. Using a whole human genome clone-based array, we found a large number of DNA copy number aberrations present in GB. From the recurrence plot and Fisher test, it is obvious that copy number aberrations affecting a whole chromosome (e.g., 10, 7, 22, 19, 20, and 13) as well as partial chromosomal gains or deletions (e.g., 9p, 1p, and 21q) are frequent events. Gain of chromosome 7 and deletion of chromosome 10 were the most common aberrations detected in the series of tumors, results that are in agreement with previous publications. 31 Our results also fit the hypothesis that molecular mechanisms target whole or parts of chromosomes in tumors. 32, 33 This co-occurrence was also indicated by the Spearman's test. The identification of narrow regions with aberrant DNA copy number is of special interest as the genes mapping within amplicons/homozygously deleted regions represent candidate oncogenes/tumor suppressor genes. Under continuous selection pressure, aberrant regions can become narrower and focused on the genes under selection. 34 Owing to the high resolution of the platform, we were able to identify numerous small homozygous deletions as well as amplifications, the majority of which are novel. The presence of numerous and independent amplicons as well as more than one homozygously deleted locus within a single chromosome from the same sample was also observed. aCGH profiles with extremely complex amplifier genotypes were specifically found for chromosomes 7, 12, and 22 (e.g., tumors G24064, G22576, and G21864), 27 and several different homozygously deleted loci were detected on chromosome 9 (e.g., tumors G21694, G20854, G23906, and G23282). These findings suggest that local genetic instability also plays an important role in genetic selection of GB.
High copy number amplicons were repeatedly found in GB (81% of cases). The most frequently gained region was EGFR locus (50% of samples), identified as the sole amplification event or coamplified with other loci in the same sample. EGFR amplification is known to occur more frequently in pGB, and mutations of TP53 are more common in sGBs. 2 In our series of tumors, we observed amplification of EGFR locus in 37 of 74 pGBs, but also in two of four sGB samples. Furthermore, hemizygous deletion of TP53 locus at 17p13.1 was observed in five samples in addition to the tumor derived from a child (G1143; Supplementary Table 4) . Interestingly, all the samples presenting with deletion of 17p13.1 were classified as pGB. Moreover, in one of them amplification of EGFR locus was also observed, which points to the difficulties in differentiating these groups of patients. Highly complex amplifications were also frequent on chromosome 12, results that are in agreement with recent data indicating the presence of stable amplicons on 12q13-21 in glioma. 35 MDM2, for example, a power ful oncogene known to be involved in GB development, was highly amplified in nine cases of this series but was never coamplified with the EGFR locus. The MDM2 locus was often coamplified with CDK4, yet the latter aberration was not detected in combination with homozygous deletion of the CDKN2A locus. This reflects the fact that different combinations of aberrations confer the most favorable growth advantage to the individual tumors.
Consistent with the hypothesis that more than one tumor suppressor gene is located on 9p, 36,37 we discovered several different loci affected by biallelic deletion on this autosome. Biallelic deletion of ELAVL2, which has previously been reported in pediatric gliomas, 38 was detected in 16 cases (Supplementary Fig. 8 ). ELAVL2 encodes a predicted protein with significant similarity to the product of the Drosophila ELAV gene. Absence of the ELAV gene in Drosophila causes multiple structural defects and hypotrophy of the CNS of the fly. Our results strengthen the notion that ELAV2 may represent a candidate tumor suppressor gene in glioma progression. The identification of several PTPs resident within homozygously deleted loci (PTPRD on 9p23, PTPLAD2 on 9p21, and PTPRE on 10q26.2) was a captivating discovery. PTPs are known to be signaling molecules that regulate a variety of cellular processes, including cell growth, differentiation, mitotic cycle, and oncogenic transformation. Activation of tyrosine kinases is a common feature in several cancer forms, including GB, and recent evidence shows that PTPs can function as tumor suppressors, negatively regulating tyrosine phosphorylation. 29 The function of PTPRD, PTPLAD2, and PTPRE has not been completely determined, but they may regulate neurite growth and control the oncogenic activation of tyrosine kinases and RAS-related signal transduction pathways. Additional reports indicate that PTPs not only can serve as tumor suppressors but also can positively regulate the signaling of growth factor receptors. 29 Further understanding of how these enzymes function and how they are regulated might help us to develop new anticancer drugs.
Deregulation of proteins of the extracellular matrix was also observed. ADAMTSL3 and ADAMTSL1 were located at amplified (15q25.2) and homozygous deleted (21q22.1-q22) loci, respectively. The proteins encoded by these genes present strong similarity to members of the ADAMTS family (a disintegrin and metalloproteinase with thrombospondin motif). ADAMTS proteins are involved in the regulation of the cleavage of EGF family signal protein precursors, including EGF and tumor growth factor-a (TGF-a), and in the destruction of components of the extracellular matrix, which facilitate metastasis. ADAMTS4 and ADAMTS5, for example, have been reported to be expressed in human GBs.
39
ADAMTSL3 and ADAMTSL1 lack the metalloproteinase and disintegrin-like domains typical for ADAMTS family but contain other important motifs. The function of these proteins has not been determined, but they may have important functions in the extracellular matrix. ADAMTSL3, for instance, is a secreted glycoprotein that possesses a PLAC (protease and lacunin) domain, a motif usually found in extracellular matrix protein convertases. 40 Moreover, the presence of frequent mutations of ADAMTSL3 has recently been identified in colorectal cancer. 41 ADAMTSL1 encodes a secreted protein that contains a thrombospondin type 1 motif. ADAMTSL1 could play a role in the activation of TGF-b, which is usually stored as a latent inactive complex in the extracellular matrix, where it gets activated by thrombospondin. THBS2 represents an additional candidate tumor suppressor gene with thrombospondin domains. It was the only gene mapped to a homozygous deletion detected on 6q27. Interestingly, THBS2 has been shown to function as a potent endogenous inhibitor of tumor growth and angiogenesis. 42 Recently, two comprehensive genomic analysis of GB have been performed. 43, 44 The authors identified frequent amplification of EGFR and CDK4, as well as homozygously deletion of CDKN2A and PTEN genes, which is in agreement with our present results as well as previous results. [43] [44] [45] Rare focal amplifications of MDM4 (mouse double minute 4 homolog), CDK6 (cyclin-dependent kinase 6), MYCN (v-myc myelocytomatosis viral related oncogenes), and AKT3 (v-akt murine thymoma viral oncogene homolog 3) loci, as well as low frequency of biallelic deletion at 1p36.23, 6q27, 9p23, and 10q26.2, q26.3, were also found, 44 which represent an independent validation of our data. Recurrent alterations of NF1 (neurofibromin 1) not observed in our study were reported, but they were mainly point mutations. 43, 44 Alterations in PIK3CA (phosphoinositide-3-kinase, catalytic, alpha) were detected as well. 43, 44 Interestingly, although the locus was not amplified in the series of GB analyzed here, the gene mapped to an overlapping region of gain on 3q26.32, detected in nine (11.5%) samples.
In addition, one of these studies reported mutations in IDH1 (isocitrate dehydrogenase 1) gene in a large fraction of young patients. 43 However, copy number aberrations at this gene locus, 2q33.3, were not observed in our study. This discrepancy may be explained by the difference in average age between the patient cohorts.
In conclusion, we have conducted a detailed profiling of a large series of GB samples and provide evidence for the presence of numerous gains and losses of chromosomal regions in this tumor, aberrations that most likely contribute to tumorigenesis by altering gene expression. Recurrent regions affected by copy number alterations were observed; however, numerous and novel unique events that target loci encompassing genes with clear links to cancer were also identified. Moreover, not a single pair of tumors presented with identical genomic profiles, which demonstrates the underlying complexity of the disease. Profiling of tumors is a valuable tool in the identification of specific patients that could benefit from particular treatments. It is clear that a better understanding of the biological significance of genetic differences is crucial in order to improve treatment strategies for these patients.
